The electromagnetic environment is composed of electric and magnetic fields which result from man-made and natural sources. An elementary experiment is described to explore the electromagnetic environment by measuring electric fields in the frequency range from ∼10 to 24 000 Hz. The equipment required to conduct the experiment consists of a laptop for the data acquisition and everyday items for the electric field antenna. Some measurements are presented for illustration, and the sensitivity of the recordings with respect to varying experimental set-ups is discussed. An intuitive understanding of the electromagnetic environment is facilitated by comparison of the electric field measurements with audio recordings to bridge the gap between the sensible and the non-sensible world.
Introduction
The electromagnetic fields from modern technology such as power lines, mobile phones, televisions, and radio transmitters are of public concern.
One of the reasons is that these electromagnetic fields are not detectable by human senses. Therefore, physics education introduces electromagnetic fields by using the analogy to sound which is more intuitively understood. This approach suggests an exploration of the electromagnetic environment by use of electromagnetic fields in the audio frequency range from ∼10 to 24 000 Hz. An assessment of the electromagnetic environment in this frequency range is facilitated by recent developments in digital technology: a laptop with a sound card is essentially a portable data acquisition unit which can be connected to an electric antenna to measure man-made and natural electric fields (Volland 1995 , Lanzerotti et al 1990 .
Equipment
The equipment required for the audio recordings is a laptop equipped with a sound card and a microphone (figure 1). The microphone is connected to the sound card of the laptop with a microphone jack. In addition, some software is needed to visualize the audio recordings. For example, a spectrogram displays the time-varying frequency content of the signal presented to the sound card. The program Spectrum Lab written by Wolfgang Büscher and colleagues is particularly useful, and it can be downloaded for free (Büscher 2009) . A zipped copy of Spectrum Lab V2.7b20 can be found in the online version of this journal at stacks.iop.org/physed/44/133. After opening this .zip file, and clicking on InstallSpecLab.exe, Spectrum Lab quickly installs itself on the computer. The .zip file also includes the parameter file audio-vlf-edu.usr, which needs to be extracted to the hard disk of the computer. This parameter file specifies all the Spectrum Lab settings which have been used during the recordings for this publication. The parameter file needs to be loaded by clicking on the Spectrum Lab icon on the Desktop and by following the drop-down menu File → Load Settings, where the location of the parameter file on the hard disk needs to be specified. Spectrum Lab subsequently displays the spectrogram of the signal received by the sound card. This spectrogram should exhibit a bluish background colour when the microphone is not connected. The deviations from this background colour reflect the noise of the laptop and the sound card, which varies between different models. The bottom of the spectrogram shows the time axis and the right-hand side shows the frequency axis ranging from 0 to 24 kHz. The limits of the frequency axis can be adjusted in the upper left-hand corner of the display. For the audio recordings, frequencies ranging from 0 to 4 kHz are used. The operation of the audio recordings may be tested with a tuning fork which should produce a signal with a constant frequency of 440 Hz in the spectrogram.
Audio recordings
The spectrogram has two orthogonal dimensions, frequency and time. These two dimensions are independent of each other in that it is possible to produce two fundamentally different sound signals: the first signal can be produced by whistling into the microphone and the second signal can be produced by hand claps (figure 2). The first type of signal occurs at one particular frequency and is rather constant with time. The second type of signal occurs at one particular time and is rather constant with frequency. Any other audio signal is a superposition of these fundamentally different types of sound. It is interesting to note that the whistle is more precisely composed of two frequencies, the fundamental frequency f 0 ≈ 1.75 kHz and the first harmonic frequency at f 1 = 2 f 0 ≈ 3.5 kHz. These two frequencies together make up the whistle tone. The hand claps can be varied in intensity. A weak hand clap will result in small intensities which are represented in the spectrogram by blue and green colours. A strong hand clap will result in large intensities which are represented in the spectrogram by red and yellow colours. An interesting experiment is to use an adjustable dog whistle and to determine its fundamental and harmonic frequencies.
Indoor electric field measurements
The equipment required for the electric field measurements is the same as for the audio recordings, except that the microphone is replaced by an electric antenna. The electric antenna consists of a metal tray placed on a plastic basket for insulation from the ground. The tray is connected with a crocodile clip, a signal lead, and a microphone jack to the sound card of the computer (figure 1). The spectrogram of indoor electric field measurements exhibits powerline harmonic radiation from ∼0 to 1 kHz (figure 3). The powerline harmonic radiation exhibits a fundamental frequency of f 0 = 50 Hz and harmonic frequencies at multiples of 50 Hz f n = (n + 1) f 0 (Fraser-Smith and Bowen 1992). These harmonic frequencies make up a tone which can be listened to by turning on the loudspeakers of the laptop. Even though the deeply humming sound of powerline harmonic radiation is different from the whistle, both signals are similar in that they are fixed at discrete frequencies and rather continuous with time. The intensity of the powerline harmonic radiation depends on the proximity to the electrical appliance which is producing it and on the load of the power supply network. Quickly tapping with a finger on the antenna results in a deposition of charge on the antenna which occurs at a particular time and spans all frequencies (figure 3). Successive charge depositions transfer decreasing amounts of charge from the finger to the antenna, as can be ascertained from the varying colours in the spectrogram. Even though the deep sound of the charge deposition is different from the hand clap, both signals are similar in that they are fixed at discrete times and rather continuous with frequency.
The experimental set-up can be used to investigate the electromagnetic fields associated with the operation of electrical appliances such as fluorescent lights (figure 3). Switching on the fluorescent lights occurs at a particular time and spans all frequencies, while the subsequent continuous illumination of the fluorescent lights only enhances the powerline harmonic radiation. The electromagnetic fields associated with the operation of the fluorescent lights are analogous to the superposition of the two fundamentally different type of signals in the audio spectrogram, i.e., the whistle and the hand clap (compare to figure 2 ). An interesting experiment is to place the electric antenna near a television set or other electric appliances and to determine the contribution of these appliances to the indoor electromagnetic environment.
Outdoor electric field measurements
The equipment for the electric field measurements can also be used to investigate the outdoor electromagnetic environment. Particular locations each have their own unique electromagnetic environment which may actually change with the time of day, during the week and throughout the year. The observed electric field strength is inversely proportional to the distance between the measurement location and nearby buildings, i.e., the observed electric field strength will generally decrease when the distance to the buildings is increased. It is also possible to observe electric fields which exhibit very little dependence on the chosen location. These electric fields result from continuous radio transmissions and bursts from lightning discharges (figure 4). The observed electric field strength is directly proportional to the fraction of the sky that can visually be seen at the location of the electric antenna, i.e., the observed electric field strength will generally increase when the fraction of the visible sky is increased. In city environments, good locations are parks or high flat roof tops. In countryside environments, good locations are fields or mountain tops. The continuous radio transmissions are observed at constant frequencies of 20.9, 22.1, and 23.4 kHz. These radio signals are broadcast from radio transmitters located at Rosnay (40.7 • N, 1.3
• E) in France, Anthorn (52.4 • N, 1.2 • W) in the United Kingdom, and Rhauderfehn (53.2
• N, 7.5 • E) in Germany, respectively. Many radio transmitters around the world, i.e., in Europe, the United States, Russia, and Japan, operate in the frequency range from ∼18 to 24 kHz, but most of these transmissions are not continuous throughout the entire day and can only be observed occasionally. The continuous emissions below ∼6 kHz originate from powerline harmonic radiation and electrical appliances in nearby buildings.
Lightning discharges cause randomly occurring electric field bursts, called sferics (Rakov and Uman 2003, Fraser-Smith et al 1991) , which span all frequencies. It is an interesting experiment to make synoptic recordings throughout the day to determine the diurnal variability of any lightning activity and/or radio transmissions.
The electric fields emitted by lightning discharges can be observed over some thousands of kilometres. The observed electric field strengths of lightning discharges are inversely proportional to the distance between the measurement site and the location of the lightning discharges. Nearby lightning discharges may cause very high electric field strengths which show up in the spectrogram as red and yellow colours. It is then better to stop the electric field measurements since any sound card is limited to accept some maximum input voltage. Many sound cards can accept maximum voltages of the order of ∼1-2.5 V which are, however, model dependent. The risk of destroying the sound card can be mitigated by controlling the output voltage from the electric antenna which is presented to the sound card.
Sensitivity of the electric field antenna
The output voltage from the electric antenna is directly proportional to the collection area of the metal tray and the height of the metal tray above the ground. To decrease the output voltage from the electric antenna, the metal tray may be replaced by a metal saucer and the plastic basket may be replaced by a plastic cup. To increase the output voltage from the electric antenna, the metal tray may be replaced by a metal table top and the plastic basket may be replaced by a plastic wheelie bin. In this way, the sensitivity of the electric antenna can practically be adjusted to perform any desired experiment. Another way to adjust the sensitivity of electric field measurements in a controllable way is to replace the electric field antenna by a cable (insulated wire) laid out on the ground and fixed at the far end with a tent peg. The sensitivity of this type of electric field antenna is directly proportional to the length of the cable. Typical cable lengths ranging from ∼1 to 50 m are appropriate to explore the outdoor electromagnetic environment.
Good practice
Making electric field measurements of this nature will immediately attract the attention of your family and friends, but will also be noticed by your neighbours and public authorities. When queried about your activities, the generic answer that you are trying to study distant lightning flashes will normally be deemed to be satisfactory by all of the above, except military police. If you are planning to perform radio experiments near military training areas, which are devoid of disconcerting power lines, it is good practice to register with the site manager, to clearly explain that the measurements are entirely passive, and to avoid making observations during military exercises.
